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^ Abstract 
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The differential cross section in tlie transverse momentum Q and a total cross section of (31 it 

4) mb for the coherent dissociation of a 3-A-GeV/c "^Li nucleus through the ^H+^He channel have 

been measured on emulsion nuclei. The observed Q dependence of the cross section is explained 

Q by the predominant supposition of the nuclear diffraction patterns on light (C, N, O) and heavy 
I 

Q (Br, Ag) emulsion nuclei. The contributions to the cross section from nuclear diffraction [Q < 

^ 400 MeV/c) and Coulomb {Q < 50 MeV/c) dissociations are calculated to be 40.7 and 4 mb, 

^ respectively. 
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The properties of the nuclei and mechanisms of the reactions induced by the Coulomb 
and nuclear interactions in nucleus-nucleus collisions have been studied for more than five 
decades [IHl]. These investigations have been recently expanded to the relativistic energy 
range [SHE]. 

It is known that the nuclear diffraction mechanism of the reactions at low momentum 
transfers Q (similar to optical diffraction), which was predicted as early as the 1950s [9]- 
[12] . becomes significant at energies of about hundreds of MeVs and higher along with the 
Coulomb interaction. Diffraction is characterized by the observed oscillations of the cross 
sections for the elastic scattering of particles and nuclei, da/dQ, with the main maximum at 
small angles ?9 ~ A/i?, where A is the de Broglie wavelength of the incident particle and R is 
the radius of the nuclear interaction region. It is also known [12] that the diffraction mech- 
anism can induce the coherent dissociation of the incident nucleus (without the excitation 
of the target nucleus) and the production of particles. The dissociation of the ^^C nucleus 
into three a particles was observed at relativistic energies [121 Ej. However, the direct 
observation of the diffraction pattern with the counter technique (measurement of da/dQ) 
in the nuclear dissociation remains a sufficiently complex problem. The energy spectra of 
the charged particles at given angles [151 IE] are normally used in such experiments. 

Among numerous reactions accompanying the collisions of relativistic nuclei (multifrag- 
mentation, meson production), we take a comparatively simple channel of coherent (elastic) 
dissociation of the '^Li nucleus (A ~ 0.01 fm), which corresponds to the twocluster struc- 
ture of the ''Li nucleus and is convenient for the application of the developed theoretical 
approaches to the description of such reactions. 

The cross section da/dQ for the elastic dissociation of the ^Li nucleus is measured in the 
experiment in order to analyze the diffraction pattern of the process and to determine the 
contribution from the electromagnetic dissociation. According to previous nuclear emulsion 
measurements [S] , the chosen reaction is characterized by very small nucleus emission angles 
and correspondingly low values Q < 0.45 GeV/c; under these conditions, the simultaneous 
manifestation of the Coulomb and nuclear diffraction mechanisms of the process can be 
expected [Sj. The Q regions of the contributions from the Coulomb and nuclear interactions 
are revealed in theoretical approaches [5l [TOl [T71 [18] with the two-cluster model of the ^Li 
nucleus with Pauli forbidden states [IHl [20] ■ 

An emulsion chamber composed of the BR-2 emulsion layers sensitive to the minimum 
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ionization of single-charged particles was irradiated in a 3-A-GeV/c ^Li beam from the JINR 
synchrophasotron. The tracks of the ^Li nuclei, as well as the single- and double-charged 
relativistic fragments, are specifically identified visually in terms of the ionization density. 
The fragment mass numbers Af are determined from the measurements of the average angles 
of the multiple Coulomb scattering of the fragments. The procedure of the identification of 
protons, deuterons, and and ^'^He nuclei with the use of the momentum distributions of 
particles was described in detail in [8]. 

Of a total number of 3730 inelastic interaction events, we select 85 events of the elastic 
dissociation of ^Li through the ^H-|-^He channel, which are not accompanied by the destruc- 
tion of the target nuclei and the emission of other particles. A nuclear emulsion contains 
1.03 X 10^^ cm^^ of Ag and Br nuclei and 2.85 x 10^^ cm~^ of C, N, and O nuclei close 
in mass. The mean free paths of the Ag and Br recoil nuclei with momenta lower than 
1 GeV/c are so short that they are not detected. The C, N, and O nuclei with momenta 
higher than 200-300 MeV/c have mean free paths longer than 2 fim and can be identified. 
In the selected events, Q < 400 MeV/c and the recoil nuclei are not observed. The events 
of the interactions of ^Li with the emulsion protons were identified but are not considered 
in this work. 

These 85 events were identified when the beam tracks with a total length of 548.37 m 
were analyzed; the corresponding mean free path for this reaction is 6.5 ± 0.7 m. The 
reaction cross section averaged over all of the emulsion nuclei is determined as the ratio of 
the number of events to the total number of nuclei in the length of the analyzed tracks: 
a = 85/5.4837 x 10^ cmx4.91 x 10^2 cm'^ = 31 ± 4 mb. 

The transverse momentum transfer Q is the sum of the transverse momenta of and 
^He. Their magnitudes are given by the expression pt = poAf sin(6'), where 6 is the fragment 
emission angle with respect to the initial direction of the ''Li nucleus. The accuracy of 
measuring the Q values is estimated as ~ 10 MeV/c. The experimental cross section da/dQ 
is shown in Fig. 1 along with the theoretical lines described below. The characteristic 
nonmonotonic Q dependence of the cross section with a maximum in the region 100-170 
MeV/c and a minimum near 200 MeV/c remains unchanged when the histogram step AQ 
varies from 15 to 40 MeV/c. 

The ^'''Li and ''Be nuclei are the lightest Ip nuclei. As known, these nuclei have a two- 
cluster structure with a high probability (0.8 — 1.0) [2I]- In this work, the ''Li nucleus and the 
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FIG. 1: Experimental and theoretical cross sections for (C) Coulomb and (A'^) nuclear diffraction 
dissociations of the ^Li nuclei. 

states of the and ^He clusters in the continuous spectrum are described in the potential 
model with the Pauli forbidden states formulated in [191 120] • This model well describes the 
static properties of the light cluster nuclei, nuclear form factors, photodissociation processes, 
and scattering phases [22l ES] . 

The cluster interaction potential is written as the sum of three terms corresponding to 
the central V, spin-orbit Kc, and Coulomb Vc interactions: 

V{r) = -Vo{l + exp[r - Rc)/a])'\ 

d (1) 

Vscir) = -V,\s-Vir) 

'^^'^ (2) 
with the previously found parameters [El |22] : 
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K)o = 98.5 MeV, = 11.5 MeV, 
Rc = 1.8 fm, a = 0.7 fm, 
Vo = Voo + AV{-iy+\ 
Vi = 0.015(3 + (-1)'+^) fm^. 

To calculate the cross sections, we used the wavefunctions of two allowed bound states 
P3/2(-2.36 MeV), which is the ground state of ^Li, and Pi/2(-1.59 MeV) and six forbid- 
den bound states 5i/2(-57.4 MeV), 5i/2(-15.9 MeV), P3/2(-34.4 MeV), Pi/2(-32.3 MeV), 
P'5/2(-13.7 MeV), and P'3/2(-ll.l MeV) in this potential. 

An important assumption of the developed theories of the Coulomb dissociation of rela- 
tivistic nuclei in quantum [17J and semiclassical approaches is that the Coulomb ampli- 
tude is much smaller than the nuclear amplitude for impact parameters b < R, where R is 
about the sum of the radii of the colliding nuclei. It is accepted that the nuclear dissociation 
mechanism dominates for such b values. 

The cross section for the Coulomb dissociation of ''Li is calculated in the Bertulani- 
Baur formalism ^ [T7] with the use of the multipole expansion of the electromagnetic 
interaction. The main contributions to the cross section come from the El transitions 
P3/2 — ^ 'S'1/2, -D3/2, -D5/2- Performing the integration with respect to the angles of the 
momenta of emitted clusters in the initial expression for the cross section [5l [17] , we arrive 
at the expression 

2 °° 




dQ 9 \hv 



Here, the functions /„ and radial integrals Ii,j{k) for the dipole transitions are given by the 
respective expressions 

U = ^Jn{QR)K^+l{0 - QRJn+l{QR)Kn{0, 

7 (5) 



where J„ and Kn are the Bessel functions; / and j are the orbital and total angular momenta. 
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respectively; and Ri and Rij are the wavefunctions of the clusters in the ground state 
(binding energy is E^'^'^ = 2.47 MeV) and in continuum, respectively. The small difference 
between the -D3/2- and D5/2-states is neglected in the integrals = l2- In the absence of 
an interaction, the functions Ri,j{k, r) coincide with the spherical Bessel functions ji{kr). In 
Eq. (4), Z is the charge number of the target nucleus; v is the velocity of ^Li; the coefficient 
Cd = {ZiPi — ^2/32)^5 where /3i(2) = 'n^2(i)/("^i +^^2) and rrii are the cluster masses, specifies 
the dipole moment of the cluster system; 7 = (1 — (y/c)^)~^/^; and ^ = (cuR) /{'jv), where 
u = Ei, + {fiky /2^at- The calculations are performed with the average values R = 5.0 fm and 
2 = 7 for the C, N, and O nuclei and ^ = 8.1 fm and Z = 41 for the Ag and Br nuclei. Line 
C in Fig. 1 is the Q dependence of the cross section in a very narrow interval Q < 50 MeV/c 
with a maximum at Q — 3.5 MeV/c. The total cross section ac calculated for the emulsion 
containing 58% of the C, N, and O nuclei and 42% of the Ag and Br nuclei is 4 mb. The 
interval Q < 30 MeV/c contains only six events; the corresponding estimate of the cross 
section for Ag and Br nuclei is ac = 6/(5.4837 x let'em x 2.06 x lO^^cm"^) = (5 ± 2) mb, 
which is somewhat smaller than the value of 9.1 mb calculated for these nuclei. Since the 
ac value and Q interval are small, it is necessary to take into account the contribution from 
the nuclear fragmentation. 

Following the Akhiezer-Sitenko formalism fiO\, which was recently developed in [18] 
when applied to the diffraction scattering of two-cluster nuclei, the process cross section is 
determined by the matrix elements of the following combination of the profile functions u{b): 

(6) 

uji{b) = 1 -exp{ixi{b)). 

The phase functions Xi describing the collisions between the nuclei with the mass numbers 
Ai and A2 are calculated in the optical limit of the Glauber-Sitenko model with the use 
of the formula for the convolution of the nuclear form factors 5*^^ (q) and A^A^ amplitude |2S] '■ 

ixib) = -^^^^^{^ - ^P) X J exp(-iqb - anQ^ /2)K{q)SA^SA2d^q- (7) 

The form factors for the a and t clusters and C, N, and O nuclei are calculated in the 
oscillatory shell model with the correction K[q) on the motion of the center of mass. 
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FIG. 2: (Solid lines) Real and (dotted lines) imaginary parts of the profile functions. 

The Fermi density distribution is taken for the Ag and Br nuclei. The parameters of 
the oscillatory model and Fermi distribution are fit in the standard way [27], [28] with 
the experimental rms nuclear radii [29] ft = 1.7 fm, fa = 1.67 fm, fc,N,o = 2.54 fm, 
fsr = 5.1 fm, and fAg = 5.62 fm. The accepted parameters of the NN interaction are 
aN = 43.0 mb, p = —0.35, and = 0.242 fm^ [28]. Since Ua and Ut are close to each 
other, we use the half-sum of these values as u){b) for the chosen target nucleus. The real 
and imaginary parts of u){b) for light and heavy nuclei of the emulsion are shown in Fig. 2. 
The first two terms in Eq. (6), which correspond to the impulse approximation, make the 
main contribution to the cross section: 
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jo{qr)R'^ir'^dr, 



(9) 







oo 



iL{qr)RijRir'^dr. 







Expression (8) was obtained taking into account the completeness of the states of the cluster 
Hamiltonian. This completeness makes it possible to exclude the integration over the states 
of the continuum and to express the cross section in terms of the matrix elements between 



are the squares of the Clebsch-Gordan coefficient and the 6j symbol. The calculations for 
nuclei with the sharp edge show that the alternating contribution to the cross section from 
the third term in Eq. (6), which corresponds to the simultaneous collision of two clusters 
with the target nucleus (eclipse term), is no more than 1-2%. 

The cross sections d(jN/dQ for light (C, N, O, aN = 31.6 mb) and heavy (Br, = 
50.6 mb; Ag, = 56.0 mb) nuclei concentrate in the region Q < 0.4 GeV/c and have 
the pronounced oscillating form with the oscillation period in Q close to the zeros of the 
function Ji{QR), where R is about the size of the region of the profile function Re(a;). The 
imaginary parts Im(w) make small contributions to the cross sections and lead to a small 
filling of the minima. Note that the cross section for a black nucleus with a sharp boundary 
is proportional to Jf{QR) [lOj. This strong-absorption model contradicts the experiment, 
because it gives many oscillations in a very wide diffraction cone {Q < 2 GeV/c) and provides 
a too large cross section (more than 200 mb). For nuclei with smeared surfaces, the theory 
accepted in this work predicts two maxima in the cross section for C, N, and O nuclei at 
Q ~ 120 and 280 MeV/c with the intensity ratio 1 : 0.34 and four maxima for the Br and 
Ag nuclei at Q — 70, 170, 270, and 360 MeV/c with the approximate intensity ratio 0.7 : 
1.0 : 0.5 : 0.15. This is attributed to a large difference between the radii of the light and 
heavy nuclei and between the corresponding profile functions. Such a pattern of the inelastic 
coherent diffraction differs from the diffraction pattern in the elastic scattering, where the 
forward scattering peak dominates. 



all of the bound states In Eq. (8), Ij = {21 + l)(2j + 1) and the next two factors 
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The resulting cross section for the nuclear composition of the emulsion is shown by line 

in Fig. 1, where the experimental data are also presented. For the normalization to the 
total measured cross section, the nuclear and electromagnetic theoretical cross sections are 
multiplied by a common factor of k = 0.7. As seen in the figure, the Q dependence of the 
cross section is explained by the imposition of two diffraction patterns (individual oscilla- 
tions of the cross sections) for the light and heavy nuclei of the emulsion. The regions of 
the Coulomb and nuclear dissociation mechanisms are well separated, and their interference, 
which is not considered in this work, is expected in the narrow range < Q < 50 MeV/c. 
Note that the theoretical total cross section + crc = 44.7 mb is larger than the experi- 
mental value of (31 ± 4) mb. The difference between the cross sections is apparently caused 
by the use of the planewave impulse approximation [1]. In addition, the {a, t) clustering in 
^Li is possibly incomplete. 

The results show that the two-cluster nucleus ^Li, as well as the deuteron, can be used 
as a probe nucleus to verify the theory of the electromagnetic and diffraction dissociations 
and to acquire information on the surface layer of the nuclei. It is interesting to perform 
experiments for the observation of the characteristic diffraction patterns of the coherent 
dissociation of ^Li into the (a, t) channel on pure target nuclei in a wide range of mass 
numbers with the use of the counter technique. 
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